A new flow-dependent separation selectivity (FDSS) effect was discovered in isocratic HPLC. Significant changes in chromatographic selectivity were achieved by simple variation of the mobile phase flow rate. The FDSS effect was observed for a core-shell stationary phase using silica particles as a core and a Zr-based metal-organic framework (UiO-66) as a shell.
High-performance liquid chromatography (HPLC) is a well established and versatile separation technique which has been developed extensively during the last several decades. 1 Key research challenges for the development of HPLC include increasing the separation efficiency, shortening the separation time and, most importantly, achieving new separation selectivity. Chromatographic separation is based on the repetitive distribution of the solute between stationary and mobile phases. 2 The distribution coefficient (K d ) in a chromatographic system is a thermodynamic parameter showing the ratio of solute equilibrium concentrations in the mobile and stationary phases; however, for practical purposes the use of the retention factor (k = jÁK d , where j is phase ratio, constant for a given column) is more accepted. As free energy is expressed as DG = ÀRT ln k, the separation selectivity (a = k 1 /k 2 ) of two solutes can be considered a thermodynamic parameter. Correspondingly, new separation selectivities can only be achieved by changing either the chemistry of the stationary phase or the composition of the mobile phase. Thus, it is not possible to expect any change in a for a given column under isocratic elution with a variation of flow rate. In contrast, in such chromatographic systems, the flow rate affects the kinetics of sorption-desorption processes, and, hence, the peak broadening and column efficiency according to the van Deemter equation. 2 In this work, for the first time we report a new effect in HPLC, where the separation selectivity can be varied by changing the flow rate of the mobile phase. This effect was discovered using novel UiO-66@SiO 2 core-shell particles as the stationary phase. Metal-organic frameworks (MOFs) are well known for having well defined micro/mesoporous structures, very high specific surface areas as well as the possibility of chemical modification.
Owing to these properties, MOFs have recently received considerable attention in the field of separation science as stationary phases for GC and HPLC. 3, 4 In the present work, silica microparticles coated with UiO-66 crystals were used as a packing for HPLC columns (50 Â 2.1 mm ID These shortcomings have been addressed in some part by Yan et al., who used a homogeneous mixture of microspherical silica particles and UiO-66 as a mixed bed column packing. 9 These composite particles were applied to the separation of polyaromatic hydrocarbons, xylenes and chlorobenzene isomers. More recently, Zhang et al. reported the preparation of UiO-66@SiO 2 core-shell microparticles for the separation of various aromatic compounds. 10 This approach removed the abovementioned limitations by providing better quality packing with reduced backpressure. Following the rationale of this publication, core-shell microparticles UiO-66@SiO 2 were prepared in the present work.
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The core-shell particles were synthesized by a two-step procedure. In the first step, the silica particles (d p = 5.0 mm) were modified with glutamic acid as previously described. 13 In the second step, the deposition of UiO-66 onto the COOH-modified silica particles was performed by microwave-assisted solvothermal synthesis. 14 SEM images ( Fig. 1S , ESI †) show the silica particles before and after the loading of UiO-66. The uniform surface coating of modified silica with a 100-300 nm layer of UiO-66 was achieved. Powder X-ray diffraction (PXRD) patterns of UiO-66 nanocrystals, glutamic acid modified silica and the resulting core-shell composite microparticles confirm the presence of UiO-66 on the surface (Fig. 2S , ESI †). As-prepared UiO-66@SiO 2 composite particles were packed in a stainless steel HPLC column (50 Â 2.1 mm ID) and used in normal-phase mode of HPLC with n-hexane as an eluent. A common choice for the initial characterisation of a stationary phase is the retention of alkyl benzenes and polyaromatic hydrocarbons (PAH). In this case, the use of inert solutes lacking functional groups allows direct assessment of the retention mechanism and efficiency, as well as providing a comparison with other stationary phases. Taking into account the unique microporous structure of UiO-66, it was necessary to establish the optimum flow rate and to obtain the corresponding van Deemter plot using toluene as a solute. The minimum point of the van Deemter plot corresponds to the optimum value of the flow rate and the maximum column efficiency.
2 Surprisingly, during this study some unexpected changes in k values with variation of the flow rate were observed. This precluded the use of a van Deemter plot, since a constant k value is required over the whole range of applied flow rates. 15 Nevertheless, the maximum efficiency observed for the UiO-66@SiO 2 column was calculated to be 58 100 plates m
À1
.
To understand the observed k dependence on the flow rate, the retention of five aromatic hydrocarbons at different flow rates was analyzed. Retention factors (k) were calculated via k = (t R À t 0 )/t 0 , where t R is the time of the peak maximum for a solute, and t 0 is the void time, recorded at the baseline disturbance from an injection. See ESI † for more details on recording retention and void times. The results (Fig. 1) show dramatic changes in the retention for all solutes. This contradicts the aforementioned thermodynamic theory of chromatography. The observed effect is more profound for toluene and ethyl benzene and to a lesser degree for anthracene, cumene and biphenyl. For example, the k value for toluene at 0.03 mL min À1 was 3 times higher than that obtained at 1.5 mL min
. A further intriguing observation was the inconsistency of the void volume (V 0 = t 0 ÁF; F is the mobile phase flow rate) with the flow rate. The V 0 value increased by almost 60% with the increase in flow rate from 0.03 to 1.5 mL min À1 , which is an unusual phenomena in LC, where V 0 is defined as the volume of mobile phase contained in the column, and should obviously be a constant quantity. 18 For more discussion about the inconsistency in the void volume of the UiO-66@SiO 2 column refer to the ESI. † In the situation where void volume is a variable, the comparison of k values may be misleading, and the use of the selectivity (a) should be more appropriate. For this reason, the dependence of the separation selectivity (a) on the flow rate was used for a more representative description of the FDSS phenomenon. Fig. 2 shows the corresponding selectivity plots for toluene, ethyl benzene, cumene and anthracene relative to the least retained biphenyl. It can be seen that a values for toluene and ethyl benzene are flow dependent, especially in the range of lower flow rates of 0.03-0.40 mL min
. There are few reported flow dependent selectivity effects (FDSS) in various modes of liquid chromatography including hydrodynamic chromatography (HDC), slalom chromatography (SC) and turbulent flow chromatography (TFC). HDC is based on the difference between Scheme 1 UiO-66@SiO 2 core-shell particles are packed within an HPLC column (the UiO-66 shell and SiO 2 core are represented in red and orange, respectively). Pore size distribution of UiO-66@SiO 2 particles is shown at the top left of the scheme. FDSS effect is observed for the separation of organic molecules having different sizes. At high flow rates, solutes (green and blue spheres) cannot diffuse through the micropores and are eluted together. At low flow rates, analytes with molecular sizes comparable to the pore window size in the UiO-66 shell (dark blue spheres) can penetrate the micropores and elute later than bulkier solutes (green spheres). Fig. 1 Influence of the mobile phase flow rate on the retention factors for model compounds on the UiO-66@SiO 2 column. Mobile phasen-hexane, 25 1C, sample volume 2 mL of 100 mg mL À1 solutes in n-hexane.
flow rate values of the mobile phase at the surface of stationary phase particles and in the middle of interparticle space. 19 Thus, bulky molecules have a limited possibility of moving in close proximity to the surface of the adsorbent and are likely to migrate to the centres of the spaces between particles at higher flow rates. This results in earlier elution of bulky molecules. 19 In contrast, in SC long molecules such as DNA are retained due to their non-linear nature and hence their longer migration pathway via interparticle spaces. 20 Retardation is proportional to the length of the molecule, which results in longer elution times for solutes with higher molecular weights. The elevated flow rate results in higher retention of DNA molecules. A different principle is utilised in TFC for isolation of target compounds (drugs or metabolites) from complex samples containing large biomolecules such as proteins or DNA fragments. A size discrimination effect appears at high flow rates of the mobile phase, when the bulky biomolecules with lower diffusion coefficients do not have sufficient time to access the entire porous structure of the stationary phase. This effect is more profound when the size of the target molecule is comparable to the pore size (D p ). 21 In this case, bulky molecules are excluded from the column and small molecules are retained. Overall, until now flow rate effects in TFC, HDC and SC have only been used to manipulate the retention of large biomolecules. To the best of our knowledge, no similar effects have been reported for the separation of small molecules such as alkyl benzenes and PAH. The FDSS effect takes place when the molecular size of the solute is comparable to D p (0.6-1.1 nm) in UiO-66@SiO 2 . Presumably, the observed increase in the retention times for toluene (s = 0.573 nm) and ethyl benzene (s = 0.606 nm) is associated with their diffusion inside the micropores of UiO-66 through the narrow (B0.6 nm) windows at low flow rates. Such an assumption is based upon the strong correlation which was established between k values for solutes and their kinetic diameters (s). As shown in Table 1S and Fig. 3S (ESI †), organic molecules with s 4 0.63 nm are weakly retained, which indicates their exclusion from entry via the windows in the MOF lattice, and their lack of interactions with the internal surface of the UiO-66 framework. This effect resembles size-exclusion chromatography (SEC), where small molecules have access to a larger portion of the total pore volume of the adsorbent in the column, resulting in their stronger retention as compared to bulky molecules. However, in the case of UiO-66@SiO 2 , the size exclusion effect works in a very narrow mass range of the solutes and, surprisingly, is flow rate dependent.
There are two possible explanations for the extraordinary behaviour of the solutes on UiO-66@SiO 2 . The first hypothesis is related to the lack of time required for the solute to reach adsorption equilibrium at high flow rates. The equilibrium limiting factor is diffusion through the widows of UiO-66@SiO 2 , which provides access for the solutes to the entire surface of UiO-66. Molecular diffusion inside the mesopores can be described by the Knudsen model, which states a linear dependence of the diffusion rate on D p . 22 For the pores with D p o 5 nm, a rapid decrease in diffusion rate is predicted. 23, 24 Furthermore, for pores with D p o 1 nm, the diffusion depends strongly on solute size, and for solutes with molecular sizes larger than D p , diffusion is impossible. 25 Thus, the slow diffusion rate through the narrow window openings of UiO-66 should result in stronger retention of small solutes like toluene and ethyl benzene on the UiO-66@SiO 2 column. The second hypothesis is based on the ability of solutes to penetrate the cavities of UiO-66, which in turn depends on the correspondence between the size and geometry of the micropores with the solute molecules. The dependence of the diffusion rate on the solute molecule orientation is well-known for microporous zeolites, 26 but so far has not been confirmed for MOF phases.
However, similar microporous structure of zeolites and MOFs led us to believe that such hypothesis could be viable for UiO-66@SiO 2 particles as well. The crucial factor here is the time during which molecules are present at the windows in the UiO-66 lattice in order to achieve the correct orientation for penetration into the cavities. Obviously, both models take into account the sizes of the solutes and may be used to explain the changes in separation selectivity observed for toluene and ethyl benzene as shown in Fig. 2 . The data clearly indicate the presence of a new FDSS effect, where changes in flow rate can be used to effectively modify both the retention and separation selectivity for small organic molecules, without other changes in experimental conditions. For example, toluene and anthracene cannot be separated at a flow rate of 0.03 mL min À1 (see Fig. 3, top) . Gradually increasing the flow rate up to 0.4 mL min À1 does not influence the retention of anthracene, but dramatically reduces the retention factors for toluene. For this reason, at a flow rate of 0.5 mL min À1 the chromatographic peaks of these compounds are resolved. A more impressive change in separation selectivity was achieved for the pair ethyl benzene and cumene (Fig. 3, bottom) . Here, a decrease in the flow rate results in stronger retention of ethyl benzene which possesses a smaller molecular size compared to cumene. Among the 15 solutes studied in this work (Table 1S , ESI †), the FDSS effect was noted only for toluene and ethyl benzene. For the remainder of the solutes, retention can only arise from interactions with various functional groups located at the outer surface of UiO-66@SiO 2 such as residual silanols, epoxy-and glutamic acid groups. p-p interactions, hydrogen bonding and dispersive interactions are also likely to contribute to the retention mechanism.
Thus, it is possible that the retention of the tested solutes obeys a mixed mode mechanism. The retention of alkyl benzenes on UiO-66@SiO 2 is generally similar to that observed for silica columns in normal phase HPLC. 27 However, for the PAHs the following retention order was obtained: biphenyl o anthracene o naphthalene, which is unusual for this chromatographic mode. Additional experiments are required to understand such selectivity for UiO-66@SiO 2 , and more detailed investigation about chromatographic performance of UiO-66@SiO 2 adsorbent in different chromatographic modes will be presented in a forthcoming paper. Undoubtedly, the FDSS effect opens new opportunities for HPLC and its use in related applications such as environmental monitoring, pharmaceutical analysis and medical purposes, where sorbents with new selectivity are required. Further research is necessary to elucidate the retention mechanism in flow selective chromatography (FSC) by investigating FDSS for other microporous adsorbents, elution systems, and solutes.
If indeed the FDSS effect is based upon the kinetics of diffusion through the micropores, the adsorbents for further research are not to be limited to MOF-based composites, but all microporous materials (including zeolites, clays or nanocarbon composites).
